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Abstract: Understanding the impacts of climate change requires the development of hydrological
modelling tools. However, data scarcity hinders model application, performance, process simulation
and uncertainty, especially for Sub-Saharan Africa. In this study, a multi-catchment approach
was used to assess hydrological process variability in the Western Cape (WC) of South Africa
using the JAMS/J2000 rainfall–runoff model and a Monte Carlo analysis (MCA). Due to much
steeper slopes and lower evapotranspiration, the models suggest that WC is dominated by surface
runoff from mountainous regions and regional groundwater flow. The results highlight the impact
of the catchment size, availability and position of hydroclimatic and anthropogenic factors and
the frequency of the signal-to-noise ratio (water balance). For large catchments (>5000 km2), the
calibration was able to achieve a Nash–Sutcliffe efficiency (NSE) of 0.61 to 0.88. For small catchments
(<2000 km2), NSE was between 0.23 to 0.39. The large catchments had an overall surface runoff,
interflow and baseflow contribution of 44, 19 and 37%, respectively, and lower overall uncertainty.
The simulated flow components for the small catchments were variable and these results are less
certain. The use of a multi-catchment approach allows for identifying the specific factors impacting
parameter sensitivities and in turn provides a means to improve hydrological process simulation.

Keywords: rainfall/runoff modelling; model uncertainty; hydrological processes; Mediterranean
Southern Africa

1. Introduction

Climate change is altering the distribution and nature of precipitation patterns around
the world, driving hydrological change and exacerbating the loss of natural ecosystems [1].
As a consequence, hydrological flows are projected to change on a global scale [2,3],
with changes in streamflow patterns and expected alterations to the flow components
thereof (surface runoff, interflow and baseflow). Naturally, these flow components are
subject to seasonal variations, but during periods of peak or high flow, surface runoff and
interflow are often more significant [4], while during periods of low flow, baseflow is more
dominant [5]. The proportion of these flow components additionally depends on climate,
land use, surface terrain, subsurface conditions and drainage characteristics [6], as well
as anthropogenic water use [7]. Together, these factors control streamflow characteristics,
which are spatially variable and dependent on the storage dynamics between the saturated
and unsaturated zones, as well as feedback loops and dependencies within different
hydrological processes and features [8]. As a result, determining hydrological component
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variability is necessary in climate change-related assessments and to consider dominant
flow generation mechanisms.

Mountainous regions often receive the bulk of precipitation due to orographic effects
and experience lower evapotranspiration [9,10]. In addition, they are often characterized by
shallow soils and fractured bedrock and, as a result, are critical for groundwater recharge
and river baseflow generation, as well as surface runoff contributions [11,12]. In contrast,
and depending on the microtopography, the runoff response in catchment valleys is often
dampened by evapotranspiration, thick unsaturated zones, river seepage and interactions
with the alluvial aquifer system, and, as a result, they are sources of interflow or sub-
surface runoff [13–15]. While spatial differences in climate directly affect rainfall–runoff
response and hydrological processes, they also contribute further to changes in biophysical
characteristics, such as vegetation growth and dominant groundwater flow paths, as well
as geomorphological processes, such as soil formation and weathering [16], impacting
streamflow dynamics. These variations can be more pronounced in semi-arid environments,
where the climate is heterogenous, generating microclimates [17] in which streamflow can
be spatially variable [18]. Due to these complexities, constraining hydrological component
variability using models is difficult and dependent on a number of factors. Relevant
hydroclimatic and biophysical data, system and process understanding that include the
impact of human activities on the landscape, as well as internal model structure and
variables, are needed in hydrological model applications.

The Western Cape (WC) province of South Africa, located within mediterranean
southern Africa, has recently experienced a drought (2015–2018), which resulted in reservoir
levels dropping to a low of 17% of their full capacity [19]. The drought has highlighted
the vulnerability of the centralized water supply systems currently in use in the WC
and the need for a consensus on the impact of future climate change [20]. The area
lacks the hydrological modelling tools required for climate change-based assessments,
as the availability of gauging meteorological and streamflow networks hinders model
applications in the WC, as well as in much of southern Africa. With the improvement
in remote sensing, scientific data portals [21,22] and the accessibility of data from the
World Meteorological Organisation [23], rainfall–runoff models that simulate hydrological
processes and flow components can be applied. However, simulations are influenced by
catchment size and the availability of relevant streamflow and meteorological data, as well
as streamflow characteristics and anthropogenic factors.

In this study, the distributed, process-based J2000 rainfall–runoff model was used to
determine hydrological variability in the Western Cape using a multi-catchment approach
that included five adjacent catchments (Verlorenvlei, Berg, Eerste, Breede and Bot River)
in the WC. The climate in mediterranean South Africa is heterogenous where the flow is
mainly controlled by headwater processes, resulting in different streamflow characteristics
across these catchments. Although physical inputs (e.g., climate, topography, soil, hydroge-
ology and land use) are included as spatial inputs for distributed rainfall–runoff models
(e.g., SWAT [24] and J2000 [25]), the availability of relevant data varies between each catch-
ment. Furthermore, conceptual and empirical parameters still require calibration within
rainfall–runoff models to simulate hydrological processes. To understand the impact of
different parameters on the simulated hydrological processes for each catchment, a Monte
Carlo analysis (MCA) was performed. With the necessity of using rainfall–runoff models
for predictions of water availability in the perspective of climate change, understanding
hydrological variability is required for the development of regional hydrological modelling
tools. These tools are further required in early warning forecasting systems and for water
management, as well as in riverine and ecosystem assessments.

2. Materials and Methods
2.1. Environmental Setting

Verlorenvlei, Berg, Eerste, Bot and Breede are catchments located in the Western Cape
province, covering the southernmost tip of Africa (Figure 1). These catchments range in
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size from relatively small, such as Eerste, Bot and Verlorenvlei (620, 864 and 1832 km2)
and moderate to relatively large, such as Berg and Breede (7704 and 12,526 km2) (Table 1).
Mountainous areas near the towns of Piketberg, Franshhoek, Stellenbosch, Grabouw and
Ceres form the catchment headwaters, after which the catchments grade into relatively
low-lying flat regions before the river systems flow into the ocean (Figure 1b).

Figure 1. (a) Location of South Africa within Africa; (b) Verlorenvlei, Berg River, Eerste, Bot and
Breede study catchments within the Western Cape province, showing the locations of precipitation
stations, bulk streamflow monitoring, major reservoirs, major towns and cities within the region.
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Table 1. A summary of each catchment, including its location, climate conditions, climate zone, anthropogenic impacts, basin area (km2), statistics of elevation (m a.s.l.), precipitation and
potential evapotranspiration [26], as well as dominant geological formation, landcover [27], cultivated area (km2) [27] and irrigated area (km2) [28].

Elevation
(m a.s.l)

Precipitation
(mm/yr) Potential ET (mm/yr)

Catchment
Name Location Anthropogenic

Impacts
Basin
Area Max Mean Max Mean Min Max Mean Min Dominant

Formation
Dominant
Landcover

Cultivated
Area

Irrigation
Area

Verlorenvlei West Coast Irrigation/small dams 1832 1446 223 566 334 211 2450 2313 1800 MS Shrubland
fynbos 849 52

Berg West Coast Irrigation/reservoirs 7704 2062 201 3198 487 206 2443 2200 593 MS Cultivated fields 4223 350
Eerste East Coast Irrigation/reservoirs 620 1511 201 2067 694 463 2053 1893 654 CGS Cultivated vines 185 144

Bot East Coast Irrigation 864 1187 275 1143 552 395 1955 1806 1119 CSG Shrubland
fynbos 349 23

Breede East Coast Irrigation/reservoirs 12,526 2232 495 3053 429 150 2305 1915 444 TMG Shrubland
fynbos 3844 947

Total area 23,546 Total area 9450 1516
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2.1.1. Climate

The catchments under study experience mediterranean climate conditions, where the
catchments have been categorized as winter rainfall zones (WRZ) [29] (Table 1). Together,
the catchments comprise 31% of the parts of the Western Cape that predominately receive
winter precipitation. The maximum elevation in each catchment is 2232, 2062, 1511, 1446
and 1187 m a.s.l. and the maximum yearly precipitation is on average 3198, 3053, 2067,
1143 and 556 mm as a result (Figure 2) [30]. Mean annual precipitation (MAP) for each of
the study catchments is 694, 552, 487, 429 and 334 mm for Eerste, Bot, Berg, Breede and
Verlorenvlei, respectively [30].

Figure 2. Mean annual precipitation (MAP) for Verlorenvlei, Berg River, Eerste, Bot and Breede
catchments within the Western Cape province, where MAP is greater than 1000 mm/yr. in the
mountainous regions, reducing to less than 500 mm/yr. in the catchment valleys towards the
catchment outlets (based on [30]).

The mean daily temperature for these catchments combined is 19–21 ◦C for summer
(DJF), 16–20 ◦C for autumn (MAM), 10–12 ◦C for winter (JJA) and 13–18 ◦C for spring
(SON) [26]. Potential evaporation (PET) is spatially variable and ranges from 1806 to
2313 mm/yr. across the catchments (Table 1). For Berg and Verlorenvlei, mean PET exceeds
2000 mm/yr., while for Breede, Berg and Eerste, it is between 1800 and 1915 mm/yr.) [26].

2.1.2. Hydrology and Water Management

While the Verlorenvlei and Berg catchments drain towards the west into the Atlantic
Ocean, Eerste, Bot and Breede drain towards the east into the Indian Ocean. Estuaries
are present at each of the catchment outlets, which include (1) Velorenvlei, (2) Berg River
Estuary, (3) Eerste River Estuary, (4) Botrivervlei and (5) Breede River Estuary. Verlorenvlei
and Botrivervlei are of global importance (Ramsar no. 525 and 2291), but all of these
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estuaries have both local and national importance [31]. While these catchments support
ecologically significant regions, small farm dams and water supply holding dams, as
well as major reservoirs, impact downstream river flows. Reservoirs in the Berg and
Breede catchments account for 58% of the total surface water supply for the City of Cape
Town (COCT), which includes (1) the Berg River dam (130 Mm3), (2) Voëlvlei (164 Mm3),
(3) Wemmershoek (58 Mm3) in the Berg River and (4) Theewaterskloof (480 Mm3) in the
Breede. Other major reservoirs, such as (5) Miverstand (8 Mm3) and (6) Greater Brandvlei
(459 Mm3), are not included in the COCT water supply, but are required for nearby towns
and irrigation.

2.1.3. Geology and Hydrogeology

The study catchments fall within the Cape Fold Belt, a thrust belt which impacted the
formation of a sequence of sedimentary rock layers known as the Cape Supergroup [32].
The study catchments host three major rock units. In order of ascending ages, the oldest of
these formations is the Neoproterozoic Malmesbury Group (MG), which is composed of
greywacke, sercitic schist, quartzite, conglomerate and limestone [33]. These rocks form a
secondary fractured rock aquifer with limited primary porosity and have significant out-
crops in Verlorenvlei and Berg. The MG rocks have been intruded upon by the Cambrian
Cape Granite Suite, which are composed of several late-Precambrian granitoids. Although
drilling indicates their presence at depth in all of the study catchments, outcrops in the
Eerste are common. The Cambrian Table Mountain Group (TMG) overlies both the Malmes-
bury Group and the Cape Granite Suite and is only superseded in age by the Bokkeveld
Group (CSG). The TMG is composed mostly of Peninsula, Graafwater and Piekenierskloof
formations, which vary in thickness, but dominate the mountainous regions in the study
catchments [33]. While the TMG forms a secondary fractured rock aquifer unit, it also plays
host to a number of springs at formation contact points. An alluvial aquifer system, which
has primary porosity, is also a common feature in all these study catchments. It varies in
thickness, but is generally between 10 and 15 m thick [34].

2.1.4. Vegetation and Land Use

The Greater Cape Floristic Region, composed primarily of Fynbos, Renosterveld and
Succulent Karoo shrublands are the major natural vegetation types found in the study
catchments. All of these shrubland types are endemic to the mediterranean regions of the
Western and Eastern Cape. While comprising several endemic plant families, common gen-
era include Protea and Leucospermum, which are more frequently known as ‘pincushions’ and
‘Leucadendron’ (‘cone bushes’). Although these catchments are biodiversity hotspots [35,36],
significant areas of land (including almost all Renosterveld) have been cleared for agricul-
tural production since the early 2000s, with large areas of cultivated fields and viticulture
common in the Berg and Eerste. The transformation of land into agricultural areas has in-
fluenced flow dynamics and water quality, and gully erosion [37] and dryland salinization
(e.g., [38]) are common landscape impacts in the area.

The cultivated area average for these five catchments is 40% of the total land use, with
Berg, Velorenvlei and Breede having more than 40% cultivated area [27]. While only 6.4%
of the catchment areas are under irrigation, the study catchments together make up 56% of
the irrigated Western Cape [28]. Common rain-fed crops include wheat, rooibos tea and
pastures, with potatoes and onions the most common vegetables under irrigation. Irrigated
fruits include wine grapes, apples, table grapes, citrus, blueberries and a host of different
stone fruits. While limited information is available regarding the source of irrigated water
used by the farmers, irrigation channels are used in the Breede and Eerste to provide water
from major reservoirs. In addition to this, farmers commonly abstract water directly from
the major river systems to small farm dams, but are also reliant on groundwater during
dry periods.
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2.2. The JAMS/J2000 Rainfall–Runoff Model

The hydrological conditions of the study catchments (Verlorenvlei, Berg, Eerste, Bot
and Breede) were modelled using the fully distributed, process-based JAMS/J2000 rainfall-
runoff model [25,39]. The JAMS/J2000 uses two data types, namely spatial and temporal
data (Figure 3).

Figure 3. Model schematic of the process-oriented JAMS/J2000 ecohydrological model (based on [40]), illustrating the
different flow components simulation, the model modules used as part of the simulation as well as the different calibration
factors (based on [25]).

Spatial data, which includes a digital elevation model (DEM) and maps of hydro-
geology, soil and land use, form the inputs in a hydrological response unit (HRU) and
reach delineation, which are the spatial model constraints [41,42] (Figure 4). Temporal
data, which comprise the climate forcings (including all climate variables), were region-
alized using inverse distance weighting (IDW) with the spatial position of each of the
datasets. IDW is one of the most common interpolation techniques [43], and it performs
well for dense precipitation networks [44] and is more suited for discontinuous climate
records. Streamflow was likewise temporal data, but was used in the model calibration
and validation (except when including reservoir releases; refer to [20]) and was not re-
gionalized. Below, an overview is provided of the climate and streamflow data used for
the simulations from 1990 to 2002, as well as the maps of hydrogeology, soil and land use
with the model parameters applied to each datatype. Each model’s spatial constraints
and the relative size of each HRU (0.4 km2) and sub-basin (7.2 km2) were standardized
using the HRU delineation methodology in [18]. The methodology includes a description
of the conceptual layout of the simulated hydrological processes and their variables, the
subsequent calibration of each model and the sensitivity of the various parameters for each
study catchment.
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Figure 4. A schematic of the modelling procedure used by the JAMS/J2000 model (based on [25]), including the spatial data,
which were used in the HRU delineation, and the temporal data, which were regionalized using IDW. This is a simplified
view of the simulated processes of each HRU together with the calibrated parameters, which were used to simulate the
catchment’s hydrological flow components (surface runoff, interflow and baseflow) and combined (streamflow) to evaluate
the model performance.

2.2.1. Climate Inputs

Daily totals of precipitation and solar radiation, mean daily relative humidity, tem-
perature, windspeed and maximum and minimum daily temperature were collected for
the period 1988–2002 (including a 2-year initialization period). The data were attained
from the World Meteorological Organisation (WMO) as global surface summary of the day
(GSOD) data [23], as well as the Agricultural Research Council (ARC), the South African
Weather Services (SAWS), the Department of Water Affairs and Sanitation, South Africa
(DWS), the South African Earth Observation Network [45] and previous JAMS/J2000
model data [18,46–50]. In total, 97 precipitation, 24 temperature, 12 relative humidity,
15 windspeed and seven solar radiation stations were used (Table 2). While the number of
available stations varies within each catchment, stations are also shared across catchment
boundaries. The average HRU distance to the precipitation stations in each catchment
was used to understand the spatial climatic variability across the climate inputs for each
catchment (precipitation is regarded as the main climate force for information) (Figure 5).
While the climate data provides the hydrological modelling inputs, the data were also
analyzed separately according to catchment and mountainous regions in Section 3.1.

Table 2. A summary of the number of precipitation (total daily), temperature (min, mean, max),
relative humidity (average), windspeed (average) and solar radiation (total daily) stations used in
each of the catchment models.

Climate Station Measurements

Catchment Name Precipitation Temperature Relative
Humidity Windspeed Solar Radiation

Verlorenvlei 21 6 2 5 2
Berg 38 10 7 8 5

Eerste 23 13 6 8 5
Bot 7 3 3 3 3

Breede 34 13 6 9 5

Total 127 24 12 15 7
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Figure 5. (a) Temporal and (b) spatial aggregate of the average distance between the precipitation stations and the delineated
HRUs for the period 1990–2002. Berg and Eerste had a high station distance (0–5 km) in the catchment headwaters, while
Verlorenvlei and Bot had a low distance (>20 km). The Breede catchment had relatively high station distance in headwaters
(5–20 km) but reduced significantly towards the outlet (>40 km) and for the periods 1998–2002.

2.2.2. Streamflow Gauges

Average daily streamflow (m3 s−1) was collected from the Department of Water
Affairs and Sanitation (DWS) for each catchment nearest to the catchment outlet for the
period 1990–2002 [19]. Additionally, reservoir outflow data from Kleinplaas (Eerste) and
Theewaterskloof (Breede) were collected from the DWS for the modelling period (Berg River
dam and Wemmershoek dam outflow only available after 2004). While the catchments,
such as Berg (seven reliable stations) [18], Eerste (four stations; two decommissioned after
2000) [19] and Breede (five stations) [51], contain multiple gauges for different sub-basins,
the bulk streamflow signature was the only data considered in this approach. In total,
the percentage gauged area considered varied between the different catchments, but was
between 12 and 79% (Supplementary Materials, Table S1).

2.2.3. Hydrogeology Data

A 1:250,000 geological map of the Western Cape, obtained from the Council of Geo-
sciences (CGS [52–54]), formed the input spatial hydrogeological map that was used in the
HRU delineation. Hydrogeological properties, including (1) maximum storage capacity
(RG1 and RG2max) and (2) storage coefficient (RG1 and RG2_k) for the upper (RG1) and
lower aquifer (RG2), were assigned to each spatial hydrogeological unit using regional
literature [34,55] and bulk aquifer properties [56,57] (Table 3).
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Table 3. The hydrogeological parameters, namely, storage capacity and storage coefficient for the
upper (RG1) and lower (RG2) aquifers used by the JAMS/J2000 model, grouped by formation and its
type, as well as porosity (primary and secondary).

Storage Capacity Storage Coefficient

Aquifer Formation Type RG1_Max
(mm)

RG2_Max
(mm) RG1_k (d) RG2_k (d)

Primary Quaternary
Sediments Sediments 50 100 1000 10

Secondary/MG Moorreesberg Shale
Greywacke 90 580 0 350

Secondary/MG Porterville Shale
Greywacke 90 560 0 335

Secondary/MG Piketberg Shale
Greywacke 90 1000 0 600

Secondary/MG Klipheuwel
Group

Shale
Greywacke 90 500 0 300

Secondary/TMG Peninsula Sandstone 50 1000 0 600
Secondary/TMG Piekenierskloof Sandstone 50 600 0 400
Secondary/CG Cape Granite Granite 40 500 100 650

2.2.4. Soil Data

The soil input parameters for the JAMS/J2000 model were determined using the
Harmonized World Soil Database (HWSD) (Version 1.2) (30 arc seconds) [58] and the
Rosetta lite pedotransfer function within the HYDRUS model [59]. The soil textural
characteristics from the HSWD for the top and sub-soil include depth, %sand, silt and
clay (SSC) which through a pedotransfer function and a constant upper and lower head
boundary are used to generate a soil water retention curve (theta vs. depth). Middle
pore storage (MPS: 0.2–50 µm) and large pore storage (LPS: >50 µm), which represent soil
water holding capacities at field capacity and the amount of water held against gravity,
were determined from three pressure ratings, namely, 0 mbar, 60 mbar and 15,000 mbar,
using the derived soil water retention curve. By subtracting the water content between
15,000 mbar and 60 mbar, MPS was determined. LPS was determined by subtracting the
water holding capacities between 0 mbar and 60 mbar. The total MPS and LPS volumes
are then multiplied by their respective depths and assigned to each of the HSWD soil
type values. Finally, two calibration parameters, AC adaption (aircap) and FC (field cap)
adaption, were used to scale MPS and LPS, respectively, for each of the study catchments.

2.2.5. Land Use Data

The 2013–2014 South African National Land-Cover dataset [27] was used as the input
map, which formed the basis for the land use parameters for the JAMS/J2000. While
a landcover map existed in 2000 for the study catchments (and the entire country), the
2013–2014 version includes a more detailed separation of the different management and
landcover classes.

The land use model parameters include: (1) albedo (%), (2) monthly surface resistances
assuming sufficient water supply, (3) leaf area index (LAI) for vegetational growth periods,
(4) effective vegetation heights for growth periods, (5) root depth and (6) sealed grade value
(impervious areas). To constrain these respective values for each land use class within
the dataset, the literature [60–63], together with model expertise, was used. While these
parameters were mainly used to determine the daily potential evapotranspiration for each
HRU, a vegetation interception (a_rain) and linear reduction of potential evapotranspiration
according to soil moisture (soilLinRed) were included as model calibration parameters.

2.3. Model Structure and Process Simulation

A simplified water balance equation can be used to describe the process simulation of
the JAMS/J2000 model (based on [25,39]) as:

P = Qs + ET + ∆S (1)
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where P is the net precipitation, Qs is streamflow, ET is evapotranspiration and ∆S is the
change in storage (soil water, groundwater storage, reservoir storage). Furthermore, the
separation of streamflow Qs can be written as:

Qs = RD1 + RD2 + RG1 + RG2 (2)

where RD1 is fast direct runoff and has the highest temporal dynamics and consists of
runoff from sealed areas and surface runoff under saturated soil conditions (excluding
snow processes), RD2 is slow direct runoff, which is generated from lateral flow in the soil
zone, RG1 is fast groundwater flow, which is generated conceptually from joint aquifer and
loose rock, and is indicative of properties of quaternary sediments, weathered material and
fractured rock aquifers and RG2 is slow groundwater, which relates to regional ground-
water flow, including baseflow from shale and basement aquifers. The above-mentioned
simplified equations describe the basis for hydrological process simulation and the flow
component separation used in this study. The parameters of the JAMS/J2000 model can
be grouped into: evapotranspiration, soil water, groundwater and flow routing processes
(Table 4). For further descriptions of each of the model parameters and the processes that
they were involved in, refer to [25,64].
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Table 4. A list of the optimized parameters (NSGA-II) used in each of the J2000/JAMS models with a description of each parameter, the conventional parameter range that forms the upper
and lower bounds in the calibration and the Nash–Sutcliffe efficiency (NSE; [65]) in standard form (E2) and logarithmic form (logE2) achieved for each model.

Name of Parameter Type Description of Parameter Calibration Range Verlorenvlei Berg Eerste Bot Breede

AC_Adaptation Soil Water Multiplier for Soil Large Pore Storage 0.8–1.5 1.5 1.3 1.2 1.2 1.4

FC_Adaptation Soil water Multiplies for soil middle pore storage 0.8–1.5 1.5 1.5 1.5 1.5 0.7

soilLinRed ET Simulated ET parameter, reduction of potential
ET according to soil moisture 0–10 0.2 0.9 0.5 0.1 0.8

soilDiffMPSLPS Soil water MPS/LPS diffusion coefficient 0–10 4.9 8.4 1.2 9.5 3.6
soilDistMPSLPS Soil water MPS/LPS distribution coefficient for inflow 0–10 8.2 5.7 0.3 3.3 4.4

soilMaxInfSummer Soil water Maximum infiltration capacity of soil in the
summer period 0–200 113.9 197.0 55.0 95.0 199.0

soilMaxinfWinter Soil water Maximum infiltration capacity of soil in the
winter period 0–200 154.2 119.0 150.0 50.0 148.0

soilConcRD1 Soil water Surface runoff delay parameter 0.5–5 2.5 1.5 2.4 2.4 1.4
soilConcRD2 Soil water Interflow delay parameter 0.5–5 4.0 4.8 3.0 5.0 1.8
soilOutLPS Soil water Outflow parameter of the large pore storage 0–10 2.9 6.9 1.3 8.6 2.7

soilMaxPerc Soil water Conductivity adaption parameter, percolation to
groundwater storage 0–20 23.0 13.6 20.0 20.0 19.7

soilLatVert Soil water Distribution coefficient for LPS outflow to
lateral and vertical flow path 0.1–10 9.8 0.1 0.7 9.0

gwRG1RG2dist Groundwater Distribution parameter for the slow and
fast baseflow 0–1 1.0 0.6 0.6 1.0 0.7

gwRG1Fact Groundwater Fast groundwater delay 0–10 0.0 9.0 0.1 0.3 10.0
gwRG2Fact Groundwater Base flow delay 0–10 3.1 0.0 9.9 3.9 0.0

flowrouteTA Flow routing Stream routing parameter (overall dampening
of the hydrograph) 0–20 3.0 10.5 9.5 2.0 9.6

Efficiencies
E2 0–1 0.23 0.79 0.88 0.39 0.61

LogE2 0–1 0.54 0.87 0.82 0.61 0.81
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2.4. Model Calibration and Validation

The model calibration was performed using a semi-automated procedure (e.g., [66]),
which utilized the non-dominated sorting genetic algorithm (NSGA-II) [67] to explore the
‘optimal’ parameter space and model expertise from other applications [18,46,48,49,68,69]
to finally select quantifiable model parameters for the region. For the calibration and
validation of the Velorenvlei, Berg, Bot and Breede catchments, the time series was split into
two (e.g., [70]), with (1) calibration from 01-01-1990 to 31-12-1995 and (2) validation from
01-01-1996 to 01-01-2002. As streamflow data for the Eerste catchment (Klein Welmoed-
G2H040) was only available post 1995, the model calibration was performed from 01-01-
1999 to 31-12-2005. Missing streamflow observations were not considered as part of the
calibration and validation for each catchment, and a subsequent validation for Eerste was
not possible with the available climate records.

The evaluation of the model’s performance utilized various efficiency criteria that aim
to assess different aspects of the simulated hydrograph [71–74]. The selected efficiency
criteria include the Nash–Sutcliffe efficiency (NSE) [65] in standard squared form (E2),
logarithmic form (logE2), the relative volume error (pBias) and the Kling-Gupta efficiency
(KGE) measure [75]. The NSE criteria used to evaluate each model performance were
split into: very good/excellent E > 075; good 0.65 < E ≤ 0.75; satisfactory 0.5 < E ≤ 0.65;
unsatisfactory/poor E ≤ 0.5, according to [76]. Visualizations, calculations of the water
balance, as well as the relative similarity of each catchment (geology, soil, land use and
climate) was used to assess the selected set of model parameters.

2.5. Sensitivity Analysis

A regional sensitivity analysis (RSA), or what is commonly called a Monte Carlo
analysis (MCA) [77], was used to understand the relative importance of the different
parameters in the hydrological process simulation of the study catchments using the
J2000/JAMS model [78]. In order to understand the relative sensitivities of each of the
model parameters, a met model approach was applied whereby a set of scaling factors p
was increased/decreased by up to 10% (0.9 p_cal,1.1 p_cal) during the calibration period
using the selected optimal parameter value (Table 4). The results from the MCA were used
in a simplified regression model to predict the model’s efficiency using a set of scaling
factors. The regression model was created using an artificial neural network (ANN), which
was trained with the MCA results [79].

3. Results

The results include the analysis of the precipitation amount and characteristics and the
resulting observed streamflow (hydrological signatures) of each catchment, as well as the
simulated streamflow, simulated hydrological flow components (surface runoff, interflow
and baseflow), the simulated water balance and the sensitivity of each parameter for the
selected study catchments. While JAMS/J2000 is a daily rainfall–runoff model, monthly
outputs were also used to assess the model’s ability to represent seasonal conditions.
The simulated results were split into small catchments (Verlorenvlei, Bot and Eerste at
<2000 km2) and large catchments (Berg and Breede at >5000 km2).

3.1. Observed Precipitation

For the periods 01-01-1990 to 31-12-1995, Verlorenvlei, Berg, Eerste, Bot and Breede
had an average HRU to precipitation station distance of between 10 and 20 km (Figure 5a,b).
For the periods 01-01-1996 to 12-31-2002, Berg and Bot maintained relatively the same
distance (10–20 km), but for Verlorenvlei, the distance increased to 28 km, while for Eerste,
it increased to 50 km and Breede to 28 km. Overall, Bot and Eerste had the highest average
yearly precipitation, with between 680 and 790 mm/yr., while Berg and Breede had between
500 and 530 mm/yr. The average yearly precipitation for Verlorenvlei was lowest at 390
mm/yr. The maximum regionalized daily precipitation for Verlorenvlei was 50.4 mm
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in 1997, while 48.6 mm was received in 1990. For the Berg, Eerste, Bot and Breede, the
maximum regionalized daily precipitation was 37.8 mm, 113.5 mm, 99.3 mm and 58 mm in
the years 1990, 1993, 1998 and 1993, respectively. Other significant precipitation events for
Berg, Eerste, Bot and Breede include 34.8 mm, 48.2 mm, 86 mm and 58 mm in the years 1992,
1991, 1993 and 1998, respectively. On average, Verlorenvlei had 90 precipitation events
per year for the period 1990–2002, compared with 117, 137, 140 and 145 events for Berg,
Eerste and Breede, respectively. The precipitation data show two dry periods between 1994
and 1995 and 1997–2000 where precipitation was 10% and 20% less, respectively, from the
median (Figure 6a). Seasonally, precipitation was mainly received in winter, with 38–49%
over the June, July and August (JJA) months for the study catchments (Figure 6b). Breede
and Bot had more all-year-round precipitation, with 20% of precipitation received for
September, October and November (SON). Berg and Verlorenvlei had the least precipitation
in December, January and February (DJF) of the study catchments, with 7–9% of the
yearly total.

Figure 6. (a) Regionalized precipitation (IDW) for each of the study catchments for the period 1990–2002. The results show
two dry periods between 1994 and 1995 and 1997–2000. (b) Monthly precipitation for the study catchments illustrating the
bulk of precipitation during JJA (June, July and August).

3.2. Observed Streamflow

The maximum daily streamflow for Verlorenvlei, Eerste and Bot was 8.55 m3/s (al-
though the gauge had a DT of 3657 m3/s), 25.85 m3/s and 61.59 m3/s, respectively,
compared with 645.39 m3/s and 1108.14 m3/s for Berg and Breede for the period 01-01-
1990 to 31-12-2002 (Figure 7). On average, daily streamflow was 0.35 m3/s, 1.88 m3/s and
0.74 m3/s for Verlorenvlei, Eerste and Bot, respectively, compared with 20.64 m3/s and
37.25 m3/s for Berg and Breede for the same period (Figure 7 and Supplementary Materials,
Figure S1). The monthly streamflow hydrograph for Verlorenvlei and Berg was character-
ized mainly by flows in June, July and August (JJA), which had between 63 and 64% of the
total flow between 1990 and 2002 (Figure 7). Eerste, Bot and Breede had more streamflow
in September, October and November than Velorenvlei and Berg (26–30%), but monthly
streamflow still exceeded 55% of the total during JJA. Streamflow for March, April and
May was between 4.5 and 7% for Verlorenvlei, Berg and Eerste, but exceeded 10% for Bot
and Breede. The 30th percentile (baseflow component) of the flow duration curve (FDC) for
Berg and Breede was 2.70 m3/s and 4.18 m3/s, compared with 0.30 m3/s, 0.10 m3/s and
0 m3/s for Eerste, Bot and Verlorenvlei for the period 1990–2002 (Supplementary Materials,
Figure S1). The log FDC curves show three hydrograph groups: (1) Berg and Breede,
(2) Eerste and Bot and (3) Verlorenvlei. The Berg and Breede hydrographs were similar
for the 30th percentiles, and both were greater, but both deviated between the 10th and
20th percentiles for the period 1990–2002. The Bot and Eerste hydrographs were similar
across the different percentiles, only deviating between the 50th and 65th percentiles. For
Verlorenvlei, streamflow occurred for the 30th percentile and the curve was dissimilar
to the Berg/Breede as well as Eerste/Bot groups. The coefficient of variation (CV) for
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Berg and Breede was 2.11 and 2.13, while Eerste and Bot had a CV of 78 and 2.44, respec-
tively (Supplementary Materials, Figure S1). Verlorenvlei had the largest CV of 64.33, with
118 days on average of zero flow (ZDF) for the period 1990–2002.

Figure 7. Simulated (red line), observed streamflow (blue line) and regionalized precipitation (gray bar) split into small
catchments (Verlorenvlei, Bot and Eerste at <2000 km2) and large catchments (Berg and Breede at >5000 km2). Simulated
and observed streamflow as a monthly average for the calibration period (01-01-1990 to 31-12-1995) and the Nash–Sutcliffe
efficiency (NSE, [65]) in standard form (E2), logarithmic form (logE2), relative volume error (pBias) and Kling–Gupta
efficiency (KGE) (Gupta et al., 2009) used as model performance criteria for model calibration and validation (01-01-1996 to
31-12-2002).

3.3. Simulated Streamflow

For the calibration period, the Berg River model showed the best performance, with
a combined peak flow (E2) and low flow (logE2) efficiency of >0.78 and a bias of <0.03
(Figure 7). On average, daily simulated streamflow was 22.37 m3/s, compared with
the observed streamflow of 23.13 m3/s. The Breede model performed well during the
calibration, especially at representing low flows (logE2) with an efficiency of 0.79, although
peak flow was less well simulated, with the E2 at 0.60. On average, the daily simulated
streamflow was 37.26 m3/s, compared with an observed streamflow of 41.65 m3/s, with
the most noticeable deviations occurring with the monthly hydrograph’s falling limb. The
Eerste model performed very well when simulating peak flow during the calibration period
(it had a different period to the other catchments: 1999–2006) with an efficiency of 0.81. Low
flows were less well simulated, with an efficiency of 0.67. The average daily streamflow
simulated for Eerste was 1.71 m3/s, compared with the observed streamflow of 1.77 m3/s,
with noticeable deviations in the monthly hydrograph during the months of August to
November. The Verlorenvlei and Bot models had a satisfactory (logE2) simulation with
an efficiency of >0.54, but peak flows (E2) were poorly simulated, with an efficiency
of 0.22 during the calibration period. On average, the daily streamflow simulation for
Verlorenvlei was 0.43 m3/s, compared with an observed streamflow of 0.36 m3/s. In
contrast, the daily average simulated streamflow for Bot was 1.06 m3/s, compared with
an observed streamflow of 0.89 m3/s. For the monthly hydrograph, both models tended
to over-simulate streamflow from February to July, with a monthly simulated streamflow
of 1.00 m3/s for Bot and 0.62 m3/s for Verlorenvlei, compared to the monthly observed
streamflow of 0.78 m3/s and 0.31 m3/s, respectively.
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For the validation period, the Berg River model performed similarly, albeit with a
slightly lower efficiency of 0.76 for peak flow (E2) and 0.72 for low flow (logE2), which was
lower than during the calibration period (Figure 7). The Breede model performed poorly for
the simulation of peak flow (E2) during the validation period, with the efficiency dropping
to 0.39, although low flow simulations (logE2) were satisfactory, with an efficiency of 0.63.
The Bot model performed satisfactorily during the validation, with peak flow efficiency
(E2) increasing to 0.52, while low flow (logE2) simulation efficiency remained between 0.65
and 0.68. For Verlorenvlei, the model performed poorly during the calibration and prior to
the gauge closure in 2006, where the peak flow (E2) simulation dropped to an efficiency
of –0.03, while low flow (logE2) simulation lowered to an efficiency of 0.48. While the
validation of Eerste was not possible within the analysis period, the model performed
satisfactorily for the period 2006–2012, though less credibly than other models, but with an
efficiency of 0.6 for peak flow (E2) and 0.63 for low flow (logE2).

3.4. Simulated Flow Components and Water Balances

The simulated streamflow was made up of the flow components that include RD1 as
the surface runoff, RD2 as the interflow, RG1 as the fast groundwater flow and RG2 as the
slow groundwater flow (Figure 8). Furthermore, the collective hydrological representation
of each model was visualized according to the catchment water balance, which is the
simulated streamflow as a percentage of evapotranspiration (Figure 8b), as well as the
flow components, which are represented as the combined total streamflow across all the
catchments. The optimized parameters (based off the ‘best’ NSGA-II efficiencies) result in
Verlorenvlei and Bot having a streamflow composition of less than 10%, with Verlorenvlei
having a streamflow composition of less than 5% (Figure 8). The time of concentration (Tc)
of the streamflow was 6, 4, 3 and 2 days for Berg, Verlorenvlei, Breede and Bot, respectively,
while for Eerste, streamflow reached the outlet in 1 day. Overall, Eerste, Berg and Breede
had a streamflow contribution of more than 20%, with as much as 38% streamflow for
Eerste (Figure 8).

Figure 8. (a) Aggregated simulated surface runoff (RD1), interflow (RD2), fast (RG1) and slow (RG2) groundwater flow for
the study catchments, represented as the average amount per year (mm/yr.). (b) Simulated water balance of each catchment
(total precipitation, evapotranspiration and streamflow).
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The results show the general dominance of surface runoff (except for Eerste) in the
simulated hydrograph during the wet period (May to July), with between 51 and 36%
of the total flow (Figure 9), as well as in the combined total flow with contributions of
between 0.28 and 1% (Figure 8). For Eerste, simulated interflow controls the hydrograph
during the wet period (May to July), with 55% of the total flow, due to a large sub-surface
water storage, while surface runoff was the next most dominant with 22% (Figure 9). The
maximum interflow simulated for Berg, Eerste and Breede was 0.08–0.27% of the combined
total flow (Figure 8). Simulated fast groundwater flow for Verlorenvlei and Bot control the
hydrograph from August to December, with between 31 and 37%, while for Berg, simulated
slow groundwater was more dominant, with 36% of the total flow (Figure 9). Simulated
slow groundwater (RG2) reached a maximum of 0.27% of the combined total flow for Berg
compared with 0.17% for Breede (Figure 8). Verlorenvlei, and in particular the Piketberg
mountains, was simulated as 0–0.02% of the combined total flow using the Verlorenvlei
model, while the Berg model simulated between 0.18 and 0.27% for the area the within the
Berg River catchment (Figure 8). The surface runoff from the headwaters of the Bot was
simulated as 0–0.02% of the combined total flow compared with 0.08–0.11%, which falls
within the Breede model (Figure 9).

Figure 9. (a) The spatial simulated flow components (surface runoff: RD1; interflow: RD2; fast
groundwater flow: RG1; slow groundwater flow: RG2) and (b) average monthly simulated
flow components.

3.5. Model Parameter Sensitivity

The model parameter sensitivity was grouped according to parameters that were
not sensitive (percentile < 0.75), moderately sensitive (percentile 0.75–0.85) and highly
sensitive (percentile > 0.95) (Figure 10). For the smaller catchments, the scaling factors
used to increase/decrease soil water storages (AC_Adaptation and FC_Adaptation) were
moderately sensitive, with values of between 0.07 and 0.8 for Bot, Verlorenvlei and Eerste,
collectively for the efficiencies E2 and logE2 (Figure 10). Likewise, Berg was sensitive to
the scaling of the soil field capacity (FC_Adaptation) during low flow (logE2) simulation,
with a value of 0.07. The fast groundwater flow delay parameter (gwRG1Fact) was highly
sensitive for Verlorenvlei, with a value of 0.37 (logE2). The distribution parameter for
slow and fast groundwater runoff (gwRG1RG2dist) was sensitive for Eerste, Verlorenvlei
and Berg, with values of 0.11 (E2), 0.13 (E2) and 0.096 (logE2), respectively. The baseflow
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delay parameter (gwRG2Fact) was moderately sensitive for Berg and Breede in simulating
low flows, with values of 0.145 and 0.148 (logE2), and sensitive for Eerste, with values
of 0.092 (logE2). The surface runoff delay parameter (soilConcRD1) was highly sensitive
for Berg, Bot and Breede, with values of 0.29, 0.44 and 0.4 (E2). Verlorenvlei showed
moderate sensitivity for the soilConcRD1 metric, with a value of 0.2 (E2). The MPS/LPS
distribution coefficient for inflow parameter (SoilDistMPSLPS) was sensitive for Eerste,
with a value of 0.082 (E2), as well as for the parameter that governed the reduction of
potential evapotranspiration according to soil moisture (soilLinRed), with a value of 0.15
(logE2). The outflow parameter of the large pore storage (soilOutLPS) was moderately
sensitive for Eerste, with a value of 0.18. The stream routing parameter (overall dampening
of the hydrograph) (flowrouteTA) was highly sensitive for Berg, with a value of 0.23 (E2),
while for Breede, Eerste and Bot, it was moderately sensitive, with values of 0.13 (E2), 0.08
(E2) and 0.1 (logE2), respectively.

Figure 10. Results of the Monte Carlo analysis (MCA), which was used to understand the relative importance of the
different model parameters in terms of simulating peak flows and low flows using the Nash–Sutcliffe efficiency (NSE, [65])
in (a) standard form (E2) and (b) logarithmic form (logE2). The parameter sensitivity was grouped according to pa-
rameters which were not sensitive (percentile < 0.75), moderately sensitive (percentile 0.75–0.85) and highly sensitive
(percentile > 0.95).

4. Discussion

The broad aim of this study was to develop an understanding of the hydrological
variability in mediterranean South Africa using the JAMS/J2000 rainfall–runoff model. The
specific objective was to develop a set of model parameter combinations which were able
to simulate these regional conditions to better understand runoff generation and storage
mechanisms in the WC, but also for further climate change-related assessments. However,
a number of factors influence the ability to develop a regional consensus, which can be
grouped into: (1) model-related limitations (catchment size, periods of zero flow, parameter
equifinality), (2) observed data limitations (streamflow gauge locations, observed rainfall–
runoff behavior, low climate station density, anthropogenic impacts) and (3) model input
accuracy (soil information, effects of scale) (refer to Section 4.2).

4.1. Hydrological Heterogeneity in WC and Implications for Sustainability

Orographic lifting is an important process that controls precipitation characteristics
in mountainous regions around the world, as well as the WC, where elevation and yearly
precipitation have a good correlation (R2 = 0.64). As a result, hydrological flows in the
WC, and particularly for the Berg and Breede simulation, were dominated by mountainous
regions where surface runoff is generated from higher average precipitation (compared to
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valley regions) and the steep slopes of the TMG (Figure 8). These fractured rock aquifers
are likewise an important source of baseflow, with groundwater recharge rates of between
13 and 27% of MAP [80,81], illustrated by the dominance of slow groundwater flow in these
models. Interflow, by contrast, occurs in valley regions, but is less significant in the context
of the Berg and Breede and is only significant for the Eerste, where sub-surface water
storage was more prevalent (Figure 8). The dominance of interflow for the Eerste river
was supported by significant bank storage (or transmission loss) which occurs between the
upper and lower sub-basins.

Centralized water supply systems, such as the reservoirs used by water management
agencies in the Western Cape, rely on streamflow contributions from mountainous regions
as source water. The reservoirs that form part of this modelling approach were all located
in the winter precipitation regions of the Western Cape, receiving around 38–49% of
yearly precipitation over JJA. Concerns over the dominance of centralized water supply
systems [82] have recently been borne out by dry periods between 2015 and 2018 in
the WC. Recent applications of drought-related indices, such as the soil moisture deficit
index (SMDI) [20] and the standardized precipitation index (SPI) [83] suggest that MAM
precipitation has been the main period of meteorological shortfalls, with reductions of
between 50 and 70%. Although reductions in JJA precipitation were between 20 and 35%
for drought periods, shortfalls in MAM had knock-on effects on streamflow generations
in JJA and SON. As a result, hydrological flows were mainly generated during these
periods with ±60% of the total streamflow, with SON as the next most significant months
with as much as 30%. For the remaining 6 months, streamflow, and in particular surface
runoff, contributions were limited, due to fewer precipitation events, as well as a high
daily evapotranspiration [13]. As a result, reservoirs in the Western Cape are particularly
vulnerable to shortfalls in winter precipitation, as well as being subject to considerably
high open water evaporation rates during dry summer months.

4.2. Effect of Streamflow Characteristics on Regional Hydrological Modelling

Climate change-related assessments generally utilize regional hydrological mod-
els [84] due to the coarse resolution and low pixel variability of Earth system models
(ESMs) [85], such as outputs from CORDEX (+−25 kms). As a result, large catchments
or a combination of different smaller catchments are more favorable for future climate
change-related assessments. However, basic runoff generation mechanisms need to be
understood and incorporated for realistic model simulation and assessment.

These impacts were evident in the hydrological model applications for the selected
catchments in this study, which have a combined area of 23,500 Km2 (940 pixels for
CORDEX outputs). These simulated hydrological processes, which utilize different gauged
areal percentages (Supplementary Materials, Figure S2), show similarities for the large
catchments, Berg and Breede (Figure 8). Smaller catchments have significantly different
hydrological process simulation requirements (Figure 9). While surface runoff and fast
groundwater still dominate the simulated hydrographs for Verlorenvlei and Bot, the model
still aims to dampen the hydrological response through evapotranspiration, illustrated by
a streamflow contribution of <10% (Figure 8b), as well as routing the bulk of water to soil
water storage. The Verlorenvlei model, which has a gauge positioned in a sub-basin with a
low TMG area (Supplementary Materials, Figure S2 and Table S3), was influenced by the
need to simulate days of zero flow, as baseflow contributions from the MG aquifer were
limited. These conditions result in the model showing anomalously high sensitivity to the
upper groundwater delay (gwRG1Fact) and groundwater distribution (gwRG1RG2dist).
The Bot model includes baseflow contributions from the TMG aquifer, but, overall, the
gauged area only includes 29% of the catchment (Supplementary Materials, Table S1)
and therefore the effective modelling area was small (252 km2). The Bot model likewise
showed high sensitivity to groundwater distribution (gwRG1RG2dist). The Eerste model
also includes a small effective gauged area (328 km2), but in addition was influenced
by wastewater outflows, irrigation and reservoir releases. While reservoir releases were
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simulated, there were no data available to include the impacts of wastewater outflows
and irrigation. As a result, sensitivities in scaling soil water storage (AC and FC adaption)
which can be used to compensate for a higher/lower streamflow dynamic, show the impact
of anthropogenic factors for Eerste and Berg (Wemmershoek reservoir releases were not
included as there were no available outflow data), as well as the effects of the small overall
catchment size for Eerste and Bot.

Commonly, sensitivity analyses accompany most current hydrological model appli-
cations. However, often it is difficult to identify whether these sensitivities can be caused
by anthropogenic factors, whether the noise-to-frequency (water balance) ratio causes
anomalously high parameter sensitivity and where distinct streamflow characteristics are
responsible for parameter uncertainty. As a result of the observed streamflow characteris-
tics, the effective modelling area and anthropogenic factors, the model parameters selected
from the automated calibration for Verlorenvlei, Eerste and Bot were ‘unrealistic’ in a
regional context (Figure 8) and impact the uncertainty of previous studies [47–49]. While
in general the selection of large catchments for regional hydrologically related assessment
within a specified region provide lower uncertainty [86], multiple adjacent model appli-
cations are still required for catchments affected by anthropogenic factors and regionally
unrepresentative streamflow characteristics.

4.3. Uncertainties in Modelling Hydrological Change

Distributed rainfall–runoff models have been used in numerous studies as predictive
tools to assess the impact of different climate change projections on future water resource
availability around the world [87–89]. In South Africa, the most comprehensive assessment
includes the analysis of three different global circulation models (GCMs) (CNRM-CM3,
ECHAM5/MPI-OM, IPSL-CM4), which, in combination with the A2 emission scenario,
projected severe hydrological droughts for much of the Western Cape when comparing
present and future conditions (1971–1990 and 2081–2100) [90]. While there have been
numerous improvements to GCMs and Earth system models (ESMs), recent studies also aim
to use different representative concentration pathways (RCPs) (which replaced emission
scenarios), as well as multiple rainfall–runoff model parameter combinations, to constrain
future hydrological uncertainties [91]. However, concerns have been raised about the
ability of conceptual ‘bucket’ type rainfall–runoff models to simulate multi-year droughts
and slow declines in groundwater storage [92], which has reduced model confidence under
specific climate change scenarios.

The recent Western Cape drought showed signs of hydrological change (2015–2018),
where rainfall–runoff modelling was unable to represent these recent conditions [20]. As
groundwater levels showed rather abrupt changes as opposed to multi-year drought trends,
and widespread groundwater overuse was postulated, the hydrological change thus far
has been associated with hydroclimate shortfall and anthropogenic factors. However, the
dynamic of abrupt water use (over days/months) and slow recharge (sometimes over
years) still requires further research. A shift in seasonality could impact hydrological simu-
lations and longer, drier summer conditions have already been detected in the region [20].
Furthermore, a shift in precipitation from mainly winter to all-year precipitation would
significantly impact water management, water supply systems and natural vegetation, and
also future hydrological simulations in the WC, especially seasonally based parameters
(SoilMaxInfSummer and SoilMaxInfWinter).

While these impacts and the variations of these parameters have been tested in Bot
where parts of the catchment receive all-year precipitation, the structural and component
setups of the models require investigation, especially in a larger catchment with lower
overall uncertainty. Furthermore, these seasonal changes would likely result in model
development, requiring a more detailed breakdown of seasonal parameters, which can
then both simulate past, as well as present climate conditions.

As climate change threatens to impact yearly precipitation amounts, climate season-
ality and the adaptive strategies used to counteract these impacts, detailed monitoring
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and measurements are needed to develop sustainable water use practices. Data scarcity in
much of Southern Africa limits model application and heightens uncertainty. The lack of
high-altitude precipitation stations in the WC impacted the overall simulation of peak flows
in this study. Without the improvement of streamflow and precipitation gauging networks
in the region, the results of these models cannot be evaluated, nor can they be used to
form tools for future flood forecasting. The use of isotopes to validate hydrological process
simulation (such as [93]) has the potential to reduce model uncertainties and improve the
application of hydrological modelling tools.

4.4. Importance of Sustainable Groundwater Use in the WC

While the introduction of groundwater into the Western Cape water supply network
provides a means of improving water security in the region, the use of groundwater by
the agricultural sector outside of drought periods could have long-term effects on the sus-
tainability of aquifers in the WC. While improving water security in the context of climate
change is important, the long-term sustainability of groundwater is potentially at risk if
these aquifers are over utilized. Furthermore, baseflow reductions as a result of ground-
water overuse and changes in reservoir releases, as a result of drought, are a major threat
facing globally significant wetlands systems, such as Verlorenvlei and Botrivervlei (Ramsar
no. 525 and 2291), and this study confirms the importance of regional groundwater flow in
the WC. Such effects have already been evident in the recent 2015–2018 drought, where
hydrological flow was reduced by as much as 47% during winter [20], as well as in other
situations around the world [94]. Knock-on effects follow unsustainable groundwater use,
especially affecting groundwater-dependent ecosystems, riparian vegetation and estuarine
lakes, which are already pressurized by temperature change and global biodiversity loss.

As the Verlorenvlei is currently under a state of collapse due to prolonged dry condi-
tions [95], other significant wetland systems in the region could also begin to feel the effects
of climate change and anthropogenic water use impacts. While numerous studies have
endeavored to determine the ecological reserve requirements for many river systems in
South Africa (e.g., [96,97]), thereby ensuring more sustainable water use, reservoir releases
currently favor agricultural requirements and do not consider the potential changes in the
future climate. Similarly, climate change is not considered to be an input in water yield
studies and assessments, which only look at human and economic demand. Ensuring
detailed hydrogeological assessments and investigations to determine sustainable ground-
water abstraction rates, from both large well fields and in the boreholes used by local
farmers, is important in reducing streamflow reduction under climate change.

5. Conclusions

Hydrological flows are spatially and temporally complex, and are also dependent
on a variety of feedback loops and dependencies within different processes and land
features. Understanding hydrological process variability, which is needed for sustain-
able water management, requires sufficient biophysical, meteorological and hydrological
data. Rainfall–runoff models can simulate these different processes and flow component
dynamics (surface runoff, interflow and baseflow), but are influenced by catchment size,
different anthropogenic factors (irrigation, reservoir release and wastewater outflows),
the frequency of the signal-to-noise ratio (water balance) and model-related limitations.
A multi-catchment approach provides a means to assess hydrological process variability
in a region and determine factors which impact model uncertainty. In mediterranean
South Africa, surface runoff was determined as the most significant for hydrological flow,
with 44% of the total, followed by baseflow (fast and slow groundwater) with 37%. Large
catchments have lower model uncertainties in JAMS/J2000, and the position of relevant
gauging instruments was important for reducing model uncertainty and attaining region-
ally ‘realistic’ simulations. This occurs because the JAMS/J2000 model conceptualizes
mesoscale catchments well, but is challenged by microscale catchments where processes
are less generalized and data are often not available. Ensuring sustainable groundwater
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use within the Western Cape is important for reducing streamflow reduction, which is
illustrated by the importance of regional groundwater in simulated streamflow. As the
occurrence of droughts in many parts of the world is increasing and driving hydrological
change, separating climate change-related impacts from anthropogenic factors, such as
irrigation and reservoir releases, are important for reducing riverine ecosystem loss and
declines in surface water resources.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10.3
390/su132414058/s1, Supplementary Figure S1: (a) Flow duration curve and (b) log flow duration
curve of measured streamflow data in each study catchment with statistics of Zero flow days (ZDF),
daily average flow (m3/s); Figure S2: Total area of the Table Mountain Group (TMG), Malmesbury
Shale (MG), Alluvial sediments and Cape Granite Suite for each catchment and the gauged sub-basin
(transparent colours) where the MG shales group include other shales such as the Witteberg, Ecca,
Dwyka, Bokkeveld and Uitenhage and the alluvium include quaternary sediments and unclassified
units; Table S1: The total gauged area (streamflow) of each of the study catchments with the percent-
age of the catchment area; Table S2: A list of the parameters and the parameter ranges used in the
Monte-Carlo Analysis which was used to generate the sensitivity analysis to understand the relative
importance of different parameters for each catchment’s simulated streamflow; Table S3: Total area of
the Table Mountain Group (TMG), Malmesbury Shale (MG), Alluvial sedi-ments and Cape Granite
Suite for each catchment and the gauged sub-basin (transparent colours) where the MG shales group
include other shales such as the Witteberg, Ecca, Dwyka, Bokkeveld and Uitenhage and the alluvium
include quaternary sediments and unclassified units.
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